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Abstract 
The aim of our research was to synthesize and apply chemicals that can control both the 
electrochemical and microbiological corrosion. In order to achieve this result N-
hydroxymethylated amino acids were synthesized and used as corrosion inhibitors and as 
biocides. With weight loss tests and linear polarisation experiments were proven their 
efficiency as corrosion inhibitors. The biocide activity was measured in microbiological 
experiments. It was important to learn whether these molecules can control the growth both 
of the planktonic as well as of the biofilm-embedded microbes, too. With different 
calculations correlation was found between the molecular structure and their efficiency. 
Key words: Corrosion, microbiologically influenced corrosion, inhibition, biocide, N-
hydroxymethyl amino acid. 
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Introduction 
Waters used in different industrial cooling systems contain not only ions, organic-inorganic 
molecules but several microorganisms, too. Some of them are responsible for the 
microbiologically influenced corrosion (MIC). In this case the presence of microbes and 
their metabolites increase the rate of the corrosive deterioration [1–9]. From the point of 
view of MIC the most aggressive microorganisms are the sulphate reducer bacteria (SRB). 
The anaerobic SRBs produce sulphide from sulphate ions and they form with the iron ions 
insoluble iron sulphide. Due to this mechanism the corrosion rate increases significantly. 
In order to reduce the influence of the aggressive chemicals and the microbes 
additives are dissolved in the cooling water. There are a wide range of the corrosion 
inhibitors. Under neutral conditions phosphonic acids are the most effective anticorrosive 
additives [10–19]. But it is important to handle the problem of the scaling as well as of the 
microbial deterioration. The scale formation is generally reduced by addition of different 
polymers [20, 21]. The cooling water additives contain other chemicals that can control the 
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activity of the corrosion relevant microorganisms. The biocides can kill the 
microorganisms; the biostatic materials can only keep the cell number at constant level. 
The other problem is that in order to control the rate of MIC we have to reduce not only the 
number of the planktonic bacteria but also of those which are embedded into a biofilm. The 
biofilm forms on all solid surfaces when microbes are present and to handle these 
microorganisms needs much higher biocide concentration then to decrease the number of 
the planktonic cells. 
In the water handling chemicals of different types are parallel used; one of them 
controls the chemical and electrochemical corrosion, the other one reduces the scale 
formation [20, 21], and the third one decreases the activity of microbes [22–26]. In all 
cases it is necessary to harmonize the application of all chemicals used at the same time in 
order to avoid the incompatibility. But generally three different chemicals are used. 
The aim of our work was to use molecules which are able not only to decrease the 
chemical/electrochemical corrosion rate, but, at the same time, to control the microbial 
growth, microbial activity. This goal was achieved by special, N-substituted amino acids. 
The basic molecules are natural compounds and after the decomposition of the substituted 
amino acids, environmentally benign molecules are formed that do not spoil the nature.  
Experimental 
The N-hydroxymethylated amino acids were synthesized at our institute via reaction of 
alkaline solution of amino acids with formaldehyde [27, 28]. The substituted molecules 
were: N-hydroxymethyl glycine / phenylalanine / serine / glutamic acid, they were 
characterized and used as received. 
The corrosion rates were determined by weight loss test (WLT) as well as by linear 
polarization technique. The efficiency (η, %) was calculated according to the equation (1): 
 0
0
100[%]im m
m
    (1) 
where m0 represents the weight of the coupon before the experiment, mi is the weight of the 
coupon after the experiment when the rust is already removed. 
The solutions used in WLT were either model solution ([0.47 g CaSO2×2H2O + 
0.23 g MgSO4×H2O + 0.11 g NaHCO3 + 0.13 g CaCl2×H2O] / 1 L distilled water, pH = 7) 
or cooling water. The inhibitor/biocide concentration is shown in all cases. 
The linear polarisation experiments were performed in cooling water. 
In our experiments either Desulfovibrio desulfuricans isolated microorganisms 
(ATCC 7757; culture media: ATCC 1249; general cell number: 106 cell/cm3)) or the mixed 
culture of cooling water were applied. For cell number calculation microbiological 
methods were used. 
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Results and Discussion 
Corrosion inhibition results got by WLT 
Table 1. Anticorrosion efficacy measured in the presence of N-hydroxmethyl (NHM) amino acids; the 
red-colour characters represent the differences in the molecules. 
NHM amino acid η [%] (50 ppm) η [%] (500 ppm) 
HO-CH2-NH-CH2-COOH 51.1 88.2 
HO-CH2-NH-CH(CH2C6H5)-COOH 27.3 73.1 
HO-CH2-NH-CH(CH2-OH)-COOH 47.1  80.9 
HO-CH2-NH-CH(CH2-CH2COOH)-COOH 35.7 68.3 
The most important information got by these experiments is that the chemicals we 
want to use for the MIC control do not cause corrosion, on the other hand, they have a 
medium efficacy at low concentration; but at the much higher concentration – which 
generally are used in biocide experiments – they turned to be effective corrosion 
inhibitors. 
Effect of the NHM amino acids on the corrosion relevant microorganisms 
In order to know which types of chemicals can affect the multiplication and adhesion of 
microorganisms we had to learn more about these processes. Chemicals used against the 
corrosion relevant microbes can interact either with the cell membrane or with the 
cytoplasm and the consequence could be the inhibition of the growth, the end of the 
integrity of the cell wall, the leakage of the membrane and plasmolysis.  
By these NHM amino acids we wanted to decrease not only the growth of the 
microorganisms but inhibit their adhesion to solid surfaces. If we would like to diminish 
the corrosive effect of microbes the first step should be the inhibition of the adhesion as in 
this case the formation of the biofilm is blocked. These two activities were characterized 
by linear polarization measurements and microbiological methods. 
Influence of the Desulfovibrio desulfuricans on the mild steel corrosion 
The Figure 1 demonstrates the corrosive activity of the microorganisms and the 
influence of the biocide (in this case the NHM phenylalanine) on the corrosion rate 
measured in the presence of microbes and the microbe plus chemical via linear 
polarisation experiments. 
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Figure 1. Mild steel electrodes in three different media: the effect of the broth (), 
Desulfovibrio desulfuricans in the broth (■■■), the NHM phenylalanine and the 
Desulfovibrio desulfuricans dissolved in the broth (▲ ▲ ▲ ). 
The surfaces of the electrodes are shown in the Figure 2. 
   
a    b   c 
Figure 2. Electrode surfaces after immersion in the broth (ATCC 1249) inoculated with 
Desulfovibrio desulfuricans for 21 days; a: thick blackish biofilm on the electrode; b: the 
electrode after the removal of the blackish biofilm; c: the surface of the electrode in the 
presence of Desulfovibrio desulfuricans and parallel with the NHM phenylalanine. 
The electrochemical experimental results on the corrosion rates prove that the 
microorganisms increase the corrosion of the mild steel and the NHM phenylalanine (like 
the other NHM amino acids) decreases the corrosion i.e. the metal dissolution as well as 
the biofilm formation. It is interesting to observe on Figure 2 the starting places of the cell 
adhesion. On the photo “a” not only the undesired slimy deposition is noticeable but the 
unevenness of the layer. When we removed this biofilm (Fig. 2b), on those places where 
the biolayers were thicker, the round-shaped form of the first settlements (where the 
biofilm formation started) is clearly visible. The Figure 2c proves the effectiveness of the 
additive used against the cell attachment, film formation and microbial growth as the metal 
surface is visible and only on few places started the biofilm deposition. 
In the microbiological experiments the number of the planktonic cells and of those 
which were embedded into the biofilm were counted. The results are summarized in Tables 
2 and 3. 
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Table 2. Influence of the NHM amino acids on the growth of Desulfovibrio desulfuricans cell in 
planktonic form and embedded in biofilms; biocide concentration: 500 ppm.  
NHM amino acids Planktonic 
cells 
[cell/cm3] 
Planktonic 
cells 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
 after 2 days after 7 days after 2 weeks after 7 days after 2 weeks 
None 3.4×107 5.0×106 7.3×104 4.6×105 4.3×104 
NHM glycine <10 <10 2.4×104 1.0×104 5.1×104 
NHM phenylalanine <10 1.8×10 <10 1.1×102 2.4×102 
NHM serine <10 <10 <10 <10 4.7×101 
NHM glutamic acid <10 1.5×10 1.4×10 2.2×10 3.1×101 
Table 3. Influence of the NHM amino acids on the growth of mixed population of cooling water in 
planktonic form and embedded in biofilms; biocide concentration: 500ppm.  
NHM amino acids Planktonic 
cells 
[cell/cm3] 
Planktonic 
cells 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
Cells in 
biofilm 
[cell/cm3] 
 after 2 days after 7 days after 2 days after 7 days after 2 weeks 
None 5.3×106 2.7×106 3.4×106 2.4×106 9.2×105 
NHM glycine <10 <10 1.9×102 <10 1.1×10 
NHM phenylalanine <10 4.4×10 <10 1.7×10 9.3×104 
NHM serine <10 <10 <10 <10 5.9×10 
NHM glutamic acid <10 2.3×10 1.7×10 8.7×10 9.7×10 
The amino acids differed in the side chain. The glycine has a hydrogen atom in the α- 
position, the phenylalanine a phenylmethyl group (–CH2 C6H6, very hydrophobic), the side 
group of the serine (–CH2–OH) and the glutamic acid (HOOC–CH2CH2–) are hydrophilic 
(Figure 3). In these experiments NHM amino acids either with hydrophobic or with 
hydrophilic side chain can efficiently control a microbial growth both in the planktonic 
state and in the biofilms. After two weeks, the efficiency decreased only in the presence of 
the NHM phenylalanine in the case of the mixed population of cooling water but not at the 
anaerobic Desulfovibrio desulfuricans. In any other cases the number of the 
microorganisms was 104 times less than that of the control. It shows that the hydrophilic 
side chains – either OH or COOH – show beneficial effect on the growth of the corrosion 
relevant microorganisms. 
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Figure 3. Differences in the side chain of the NHM amino acid; a: NHM glycine (H); b: NHM 
phenylalanine (HC2C6H5); c: NHM serine (CH2OH); d: NHM glutamic acid (CH2COOH). 
Table 4 allows us the comparison of the anticorrosion efficiency and the inhibition of 
microorganisms (i.e. the inhibition of the microbiologically influenced corrosion), in both 
cases of the pure culture and the mixed population of cooling water.  
These results prove that especially the serine and glutamic acid derivatives can control 
both the electrochemical corrosion as well as the microbiologically influenced corrosion. It 
is also important that they effectively inhibit the growth of both the planktonic population 
and of those microbes embedded in biofilm. This is very important because the penetration 
into the matrix of the biofilm is not easy; generally it needs much higher biocide 
concentration. The main organic components of the biofilm are the so-called exopolymeric 
substances which consist of exopolysaccharides as basic materials and of proteins, nucleic 
acids etc. The effectiveness of the NHM serine and NHM glutamic acid can be explain 
with the compatibility of the hydrophilic EPS with the ionic (COOH) and polarisable (OH) 
groups. This allows an easy penetration of substituted amino acids into the biofilm and an 
interaction with the cell wall, cell membrane. The crossing the cell wall of these molecules 
results in their decomposition within the cell and the freely formed formaldehyde interact 
a 
b 
c d 
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with free amino groups, destroy the cell wall and can cause the coagulation of the plasma 
which leads to a partial or total lyses of the cell. 
Table 4. Comparison of the anticorrosion and microbial growth inhibiting properties of the substituted 
amino acids; inhibitor concentration: 500 ppm. 
NHM amino acid Anticorrosion 
efficiency [%] 
Inhibition of MIC in the 
presence of Desulfovibrio 
desulfuricans 
Inhibition of MIC in the 
presence of mixed 
population of cooling water 
NHM glycine 88.2 effective on planktonic 
population 
only at high concentration 
NHM phenylalanine 73.1 effective both on planktonic 
microorganisms and on those 
embedded in biofilm 
effective 
NHM serine 80.9 very effective inhibition of 
planktonic microorganisms 
and of those embedded in 
biofilm 
very effective inhibition of 
planktonic microorganisms 
and of those embedded in 
biofilm 
NHM glutamic acid 68.2 very effective inhibition of 
planktonic microorganisms 
and of those embedded in 
biofilm 
very effective inhibition of 
planktonic microorganisms 
and of those embedded in 
biofilm 
In order to learn more about the interaction of the NHM amino acids with the cell, 
quantum chemical indexes of the additives (EHOMO: energy level of the highest occupied 
electron orbital; ELUMO: the lowest occupied electron orbital) were calculated with AM1 
method [28]. The results are shown in the Table 5. 
Table 5. The Quantum chemical characteristics of the NHM amino acids used as biocides. 
NHM amino acid EHOMO ELUMO log[cell number in the biofilm] 
NHM glycine –10.41 0.84 1.0 
NHM phenylalanine –9.63 0.24 1.8 
NHM serine –10.60 1.20 0.8 
NHM glutamic acid –9.07 0.32 3.7 
These data showed that there is a connection between the highest occupied electron 
orbital and the logarithmic cell number: 
log[cell number] = 1.983EHOMO + 21.807 
The dependence of the log[cell number in the biofilm] on the EHOMO refers to charge 
transfer between the cell surface and the NHM amino acid.  
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In order to get deeper insight into the microbial system, another approach was also 
applied for our corrosion relevant microorganisms. We have started from the Chick-
Watson model [29–32]. Its main idea is that there is a correlation between the planktonic 
cell number and the number got with the multiplication of the biocide concentration and 
the time of its application: 
 log N/N0 = –kC(mean)t 
where N is the cell number measured at the “t” time, N0 is the initial cell number, C(mean) is 
the average biocide concentration, “k” is the inactivation rate constant. We have applied 
this model but not for the planktonic cells but for the microbes embedded into the biofilm. 
Results are summarized in Table 6. 
Table 6. Inactivation rate constants of NHM amino acids applied for both the anaerobic Desulfovibrio 
desulfuricans and for the mixed population of cooling water. 
Desulfovibrio des. + 
NHM amino acid 
Inactivation rate 
constant×103  
[L mg-1 day] 
Inactivation rate 
constant×103  
[L mg-1 day] 
Inactivation rate 
constant×103  
[L mg-1 day] 
 2 days 7 days 14 days 
NHM glycine 2.58 1.24 0.09 
NHM phenylalanine 5.60 1.25 0.39 
NHM serine 5.43 1.66 0.43 
NHM glutamic acid 4.28 1.91 0.55 
Cooling water + 
NHM amino acid 
Inactivation rate 
constant×103  
[L mg-1 day] 
Inactivation rate 
constant×103  
[L mg-1 day] 
Inactivation rate 
constant×103  
[L mg-1 day] 
 2 days 7 days 14 days 
NHM glycine 4.75 1.32 0.41 
NHM phenylalanine 5.17 1.67 0.62 
NHM serine 5.16 1.52 0.85. 
NHM glutamic acid 5.70 1.43 0.58 
Data in Table 6 proved that with increasing time the activity of the biocides decrease 
in the case when the biocide was added only at the beginning of the experiment. The 
degree of the diminution depends on the molecular structure. Those molecules (NHM 
serine and the NHM glutamic acid) which turned to be the most effective in the other 
microbial experiments, according to the results, summarized in Table 6, they are the best, 
with time increasing inhibitive activity against the corrosion relevant microorganisms. 
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Conclusion 
Our experiments with NHM amino acids proved that these molecules are active corrosion 
inhibitors and, at the same time, they can control the growth of corrosion relevant 
microorganisms. This statement is valid for both the planktonic microorganisms and for 
those ones embedded into biofilms. The cell numbers were drastically decreased even in 
the biolayer which is more difficult because of the penetration difficulty. The side chain in 
the amino acids play important role in the inhibition of either the corrosion or the microbial 
growth. As anticorrosion additive the phenylalanine could reduce effectively the corrosion 
rate (and, at the same time, it could effectively control the multiplication of the planktonic 
and embedded microorganisms). The NHM serine and NHM glutamic acids were very 
effective biocides. These results prove that with the same chemical both the 
electrochemical and microbial corrosion rates were significantly decreased, i.e. they are 
multifunctional additives in cooling systems. The undesired processes are regulated with 
one additive; it means that the load of the environment with chemicals could be 
significantly decreased. 
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